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I. INTRODUCTION 

T h i s  s tudy w a s  conducted t o  s e l e c t  p o t e n t i a l  s l a g  compositions f o r  use  i n  a slag- 
ging, s taged,  cyclone c o a l  combustor, and t o  o b t a i n  t h e  necessary d a t a  t o  eva lua te  
the  desu l fur iz ing  a b i l i t y  of t h e  combustor. 
would be operated q u i t e  reducing t o  f a c i l i t a t e  s u l f u r  removal by a s l a g  formed from 
the  c o a l  a s h  and inorganic  addi t ives  (e.g., lime). A t a n g e n t i a l  motion imparted t o  
the  g a s  would throw ash ,  c o a l ,  and a d d i t i v e s  t o  t h e  combustor w a l l  where they would 
combine t o  form a molten s lag .  
cont inua l ly  dra in  o u t  of a taphole  a t  t h e  e x i t  end of  t h e  horizontal ly-placed 
c y l i n d r i c a l  combustor. 
s u l f u r ,  low p a r t i c u l a t e  emissions,  and low NO, emissions. 

This paper w i l l  be divided i n t o  t h r e e  par t s .  
s i t i o n s  w i l l  be out l ined .  
w i l l  be discussed.  Third, t h e  desu l fur iz ing  p o t e n t i a l  of  a s lagging,  cyclone 
combustor w i l l  be evaluated usiug these  measurements. 

The f i r s t  s t a g e  of such a combustor 

This s l a g ,  containing some d isso lved  s u l f u r ,  would 

Advantages of  t h i s  type  of  combustor a r e  removal of  some 

F i r s t ,  t h e  s e l e c t i o n  o f  s l a g  compo- 
Second, s u l f i d e  capac i ty  measurements of these  s l a g s  

11. SLAG COMPOSITION SELECTION 

The s t r a t e g y  was f i r s t  t o  s e l e c t  poss ib le  addi t ives ,  then  l o c a t e  phase diagrams f o r  
systems of major a s h  components plus  a d d i t i v e s ,  and f i n a l l y ,  select low-melting 
e u t e c t i c  compositions as candidate  s lags .  
a b i l i t y  t o  form low-.melting s i l i c a t e s  (e.g., t h e  a l k a l i s )  o r  f o r  t h e i r  known 
a b i l i t y  f o r  d e s u l f u r i z a t i o n  (e.g., t h e  a l k a l i n e  earth elements) .  
was used f o r  t e s t s  of a p i l o t  combustor. 
addi t ive  compositions, is given in Table I. Major components, SiO2, AlzO3, 
and Fe2O3, account f o r  approximately 80% of  t h e  ash. 

Ternary phase diagrams f o r  t h e  Si02-Al203-additive and SiOZ-FeO-additive 
systems were inves t iga ted  f o r  poss ib le  s l a g  compositions. Unless otherwise noted,  
a l l  phase diagrams were taken from Levin, et  a1 (1-3) o r  Roth, e t  a 1  (4) .  
s e l e c t e d  compositions which were t e s t e d  are given in Table 11, as a r e  es t imated 
l iqu idus  temperatures. 
of c o a l  a s h  and t h e  addi t ive  w i l l  be d i f f e r e n t  from those  given by t h e  phase 
diagrams because of the  minor components of  t h e  ash. 
provide reasonable i n i t i a l  se lec t ions .  
given in Table 111. 

Addit ives  were chosen f o r  t h e i r  known 

An e a s t e r n  c o a l  
Its a s h  composition, used t o  c a l c u l a t e  

The 

Obviously, t h e  l i q u i d u s  temperature of t h e  s l a g  cons is t ing  

However, t h e  phase diagrams 
Additive compositions and q u a n t i t i e s  are 

111. SULFIDE CAPACITY MEASUREMENTS 

S u l f i d e  c a p a c i t i e s  of the  s e l e c t e d  s l a g  cornpositions were measured t o  r a t e  the  
s l a g s  and t o  provide d a t a  f o r  evaluat ion of t h e  opera t ion  of  a combustor wi th  these 
s lags .  
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Chemistry of Sul fur  in Slags:  
chemistry of s u l f u r  i n  s l a g s  reported in t h e  l i t e r a t u r e .  
understanding and improving t h e  desu l fur iza t ion  of i r o n  and s t e e l .  
(5-7) have shown t h a t  a t  high oxygen p o t e n t i a l s  s u l f u r  d i s s o l v e s  in s l a g s  as a 
s u l f a t e ,  and a t  low oxygen p o t e n t i a l s ,  t h e  condi t ion  re levant  t o  t h e  two-stage 
combustor, s u l f u r  d i s s o l v e s  as a su l f ide .  

There has  been considerable  research on the  
Most was aimed toward 

These s t u d i e s  

This can be represented by the react ion,  

A quant i ty  c a l l e d  t h e  s u l f i d e  capac i ty  ( 6 )  can be def ined as: 

where w t  % S r e f e r s  t o  s u l f u r  d i sso lved  in t h e  s l a g ,  and Po2 and Ps2 a r e  t h e  
p a r t i a l  p ressures  of  oxygen and s u l f u r  in the  atmosphere wi th  which t h e  s l a g  is 
equi l ibra ted .  
independent o f  s u l f u r  and oxygen p o t e n t i a l s  f o r  wide ranges,  and therefore  is a 
u s e f u l  quant i ty  f o r  r a t i n g  s lags .  
f o r  s l a g s  conta in ing  FeO, Cs is expected t o  change wi th  oxygen p o t e n t i a l  a s  t h e  
r a t i o  of f e r r o u s  t o  f e r r i c  ions in t h e  s l a g  changes. 

A review of  t h e  l i t e r a t u r e  ( 5 - 2 2 )  showed t h a t  v i r t u a l l y  a l l  work on s u l f u r  in s l a g s  
was on systems re levant  to t h e  d e s u l f u r i z a t i o n  of i r o n  and s t e e l  and a t  tempera- 
t u r e s  ranging from 1400-1600°C. No da ta  were found f o r  l o r m e l t i n g  s l a g s  ( l iqu idus  
temperatures, approximately 1000-llOO°C), and p a r t i c u l a r l y  f o r  the  i ron-alkal i -  
a luminos i l ica tes  from which many of the  proposed compositions a r e  composed. 
Therefore, experimental  measurements were necessary t o  o b t a i n  t h e  d a t a  needed f o r  
s e l e c t i o n  of s lags .  

Experimental Method: 
c a p a c i t i e s  of the  candida te  s l a g s .  
co-CO~-sO2 gas mixture having f i x e d  oxygen and s u l f u r  p o t e n t i a l s ,  quenched t o  
room temperature, and analyzed f o r  su l fur .  
from the s u l f u r  concent ra t ions  us ing  Equation 2. 
i t  is a d i r e c t  method, and because the  oxygen and s u l f u r  p o t e n t i a l s  could be 
accura te ly  cont ro l led ,  and,  i f  necessary,  these  could be set t o  match the 
a c t i v i t i e s  f o r  oxygen and s u l f u r  which were a n t i c i p a t e d  i n  t h e  a c t u a l  c o a l  
combustor. The appara tus  used f o r  s u l f i d e  capac i ty  measurements is shown 
schematical ly  in Figure 1. 

Slags  were prepared by mixing preweighed amounts of a d d i t i v e s  and c o a l  ash. 
c o a l  ash w a s  obtained from Bituminous Coal Research, Inc. It w a s  prepared by 
ash ing  Loveridge Seam, West V i r g i n i a  c o a l  in air  a t  75OoC, followed by a reduct ion 
in a 6O%C040%C02 g a s  a t  1000°C, then cooled under n i t rogen .  

The gas compositions f o r  each experiment were chosen t o  obta in  as low an oxygen 
p o t e n t i a l  as poss ib le ,  without  reducing FeO t o  Fe metal. They were a l s o  chosen t o  
o b t a i n  as low a s u l f u r  p o t e n t i a l  a s  poss ib le  t o  match a n t i c i p a t e d  condi t ions  in the  
a c t u a l  combustor, y e t  l a r g e  enough so t h a t  they could be prepared by mixing gases .  
The e q u i l i b r a t i o n  time f o r  s l a g  samples was determined by per iodic  ana lyses  o f  the  
g a s  e x i t i n g  the  reac tor .  
Leco t i t r a t o r ,  and were analyzed f o r  Si, Al, Fe, Na, K, Ca, Mg, Ti, and P by atomic 
absorpt ion.  

The s u l f i d e  capac i ty  f o r  many s l a g s  has  been found (5,6)  t o  be 

One except ion re levant  t o  t h i s  s tudy  is t h a t ,  

An e q u i l i b r a t i o n  technique w a s  chosen t o  measure the s u l f i d e  
Slag samples were e q u i l i b r a t e d  wi th  a 

S u l f i d e  c a p a c i t i e s  were then  ca lcu la ted  
This technique w a s  chosen because 

The 

Quenched s l a g  samples were analyzed f o r  s u l f u r  using a 

118 

\ 



I 

I 

- Resul ts :  
Figures 2 and 3 show t e r n a r y  phase diagrams f o r  s e l e c t e d  systems on which t h e  
r e s u l t s  a r e  shown. 
components from t h e  s l a g  ana lyses  and normalizing t o  100%. 
a r e  shown as a func t ion  of b a s i c i t y  i n  Figure 4, which summarizes a l l  r e s u l t s  of 
t h i s  study. Molar b a s i c i t i e s  (Zmole f r a c t i o n  bases/Zmole f r a c t i o n  a c i d s )  were 
ca lcu la ted  from the  s l a g  analyses .  

I t  w a s  found t h a t  a f t e r  e q u i l i b r a t i o n  wi th  t h e  s u l f u r i z i n g  gas ,  c e r t a i n  s l a g s  i n  
t h e  FeC-Al203-Si02 system cons is ted  of two immiscible l i q u i d s  a t  l l O O ° C .  
phase was a glass .  
t o  as  the  "matte phase". 
considered as "apparent" because t h e  s u l f i d e  capac i ty  i s  defined f o r  a s i n g l e  
l i q u i d  phase. 
S, w h i l e  t h e  g l a s s  phase contained from 0.2 t o  13% S. 
showed the  g l a s s  phase t o  be amorphous and t h e  matte phase t o  conta in  FeS and 
FeS2. 

Discussion: Slag compositions 2-A-1, 2-A-7, 2-B-2, 2-C-1, 2 4 - 2 ,  and 2-E-1 were 
c l o s e s t  t o  the  c o a l  a s h  composition g iven  i n  Table I, conta in ing  2 5 3 8 %  addi t ive .  
As seen from Table I V ,  l o g  Cs ranged from approximately -3.8 t o  -5 .5  a t  1100°C. 
Using the  b a s i c i t y  of the  a s h  ca lcu la ted  from Table I and t h e  d a t a  shown i n  Figure 
4, the  s u l f i d e  capac i ty  f o r  pure a s h  i s  est imated t o  be approximately l o g  C s  - -5.2. 
This is q u i t e  low as compared t o  r e s u l t s  obtained f o r  s l a g s  conta in ing  s i g n i f i c a n t  
q u a n t i t i e s  of addi t ives .  As w i l l  be demonstrated l a t e r  i n  t h e  r e p o r t ,  s u l f u r  
captured by c o a l  a s h  s l a g  wi th  this s u l f i d e  capac i ty  would be i n s i g n i f i c a n t  even a t  
very favorable  condi t ions  - very low oxygen p o t e n t i a l  and low temperature. 

There is a genera l  c o r r e l a t i o n  between s u l f i d e  capac i ty  and b a s i c i t y  f o r  a given 
system, a s  shown in Figure 4. There is a sharp drop in s u l f i d e  c a p a c i t y  between 
b a s i c i t i e s  of 1.0 t o  0.5, which corresponds t o  t h e  m e t a s i l i c a t e  t o  d i s i l i c a t e  
compositions i n  a binary s i l i c a t e .  
(FeO, CaO) have s i g n i f i c a n t l y  higher  s u l f i d e  c a p a c i t i e s  than systems 2-D (Na20) 
and 2-E (CaO), so t h a t  f o r  a given b a s i c i t y ,  FeO is s u p e r i o r  t o  CaO and N a f O  as 
a n  addi t ive .  
energ ies  of formation of t h e  s u l f i d e s  and oxides  of  Fe, Ca,  and Na. 

Considering s tandard f r e e  e n e r g i e s  f o r  t h e  formation of meta l  s u l f i d e s  from metal 
oxides, FeO and CaO should be approximately equiva len t  d e s u l f u r i z e r s  and Na20 
should be super ior .  However, s l a g s  are f a r  from i d e a l  s o l u t i o n s  because of t h e  
s t rong i n t e r a c t i o n s  among spec ies  -- p a r t i c u l a r l y  wi th  Si02. 
mental measurements of s u l f i d e  c a p a c i t i e s  were needed. 
(24) f o r  Na20, CaO,  and FeO binary s i l icates  show t h a t  t h e  chemical i n t e r a c t i o n  
with s i l i c a  decreases  i n  the  order  Na20, CaO,  FeO, and f o r  a given b a s i c i t y ,  t h e  
a c t i v i t y  of t h e  b a s i c  oxide i n  t h e  silicates increase  i n  t h e  order  Na20, CaO, and 
FeO. This 
is cons is ten t  wi th  t h e  present  r e s u l t s .  Not s u r p r i s i n g l y ,  t h e  metal oxide-s i l ica  
i n t e r a c t i o n  is a major f a c t o r  i n  t h e  d e s u l f u r i z a t i o n  a b i l i t y  of t h e  s l a g .  

Several  modif icat ions of s l a g s  based o n  the  FeO-Al203-Si02 system were t e s t e d  
t o  determine if a l e s s  expensive a d d i t i v e  could be s u b s t i t u t e d  f o r  some of  t h e  i r o n  
or  i f  a d d i t i v e s  could be used t o  reduce l i q u i d u s  temperatures. Figure 4 shows t h a t  
replacing a por t ion  of  the i r o n  oxide i n  s l a g s  o f  t h e  FeO-Al203-Si02 system with 
CaO ( 5  w t  %) o r  MgO (12 w t  %) had no e f f e c t  on  t h e  s u l f i d e  c a p a c i t i e s .  Resul t s  f o r  
composition 2-C-1 a l s o  support t h i s  conclusion, because f o r  t h i s  composition 
approximately 14% of t h e  FeO of a n  equiva len t  composition i n  t h e  FeO-Al203-Si02 
system was replaced by CaO, wi th  only a s l i g h t  decrease i n  s u l f i d e  capac i ty .  
Replacement of por t ions  of t h e  S i 0 2  i n  FeO-Al203-Si02 s l a g s  by B2O3 or P205 
has no e f f e c t  on s u l f i d e  c a p a c i t i e s ;  t h e r e f o r e ,  t h e s e  a d d i t i v e s  are p o t e n t i a l l y  
usefu l  f o r  reducing s l a g  l i q u i d u s  temperatures. 

Table I V  g ives  the  results f o r  a l l  s u l f i d e  capac i ty  measurements. 

Compositions shown were obtained by tak ing  t h e  t h r e e  major 
The s u l f i d e  c a p a c i t i e s  

One 
The o t h e r  phase had a m e t a l l i c  appearance and w i l l  be r e f e r r e d  

The s u l f i d e  capacities f o r  these  s l a g s  should be 

The matte  phase in a l l  of  these  double-phased s l a g s  contained 27-31% 
X-ray d i f f r a c t i o n  ana lyses  

For a given b a s i c i t y ,  systems 2-A (FeO) and 2-C 

This i s  not  what would be  expected consider ing t h e  s tandard  f r e e  

This  is why experi- 
Free energy of  mixing d a t a  

On t h i s  bas i s ,  PeO should be a b e t t e r  d e s u l f u r i z e r  than CaO or NapO. 
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Figure 5 compares some r e s u l t s  of t h i s  s tudy t o  those  found in the  l i t e r a t u r e  f o r  
similar s l a g s  a t  h igher  temperatures .  
b a s i c i t y  of 1 . 6 5  using d a t a  g iven  in Figure 4. 
c o n s i s t e n t  w i t h  the  l i t e r a t u r e  da ta .  
i n v e r s e  temperature is c o n s i s t e n t  with t h e  t h e o r e t i c a l  r e l a t i o n s h i p ,  

These l i t e r a t u r e  d a t a  were ad jus ted  t o  a 

The l i n e a r i t y  o f  t h e  s u l f i d e  capac i ty  with 
The d a t a  from t h i s  s tudy a r e  q u i t e  

where 

and 

3) M M d In 'S 
m= -AHO/R + H F e O / ~  - H F e S / ~  

AH' is t h e  s tandard en tha lpy  change f o r  t h e  reac t ion ,  

4 )  

a r e  t h e  p a r t i a l  molar e n t h a l p i e s  of mixing of FeO and FeS in the  s lag .  
r e l a t i o n s h i p  can  be der ived  from Equation 2 ,  t h e  equi l ibr ium constant  f o r  Equation 
4 and the  Gibbs-Helmholtz equat ion.  

Most of the  s l a g s  t e s t e d  were found t o  have been p a r t i a l l y  o r  completely melted a t  
l l O O ° C .  
n o t  molten. It is thought t h a t  f o r  these  compositions t h e  e n t i r e  a d d i t i v e  reacted 
with s u l f u r  spec ies  in t h e  atmosphere while  none reac ted  w i t h  t h e  Si02 o r  with 
o t h e r  components in t h e  ash.  Hence, s u l f i d e  c a p a c i t i e s  measured from this experi-  
ment a r e  not  t r u e  s u l f i d e  c a p a c i t i e s  of t h e  s lags .  
t h i s  is tha t  t h e  "measured" s u l f i d e  c a p a c i t i e s  a t  1OOO'C a r e  g r e a t e r  than those a t  
1100°C. while Figure 5 shows t h e  opposi te  t rend  f o r  r e s u l t s  f o r  molten s lags .  
Also, o t h e r  l i t e r a t u r e  d a t a  show t h a t  s u l f i d e  c a p a c i t i e s  genera l ly  increase  with 
temperature. 

This poin ts  o u t  a n  inherent  disadvantage i n  using a c o a l  ash  s l a g  f o r  desu l fur iza-  
t i o n .  When si l ica reacts w i t h  t h e  desu l fur iz ing  agent ,  e.g., lime, the  e f f e c t i v e -  
ness  of  the desu l fur iz ing  compound is g r e a t l y  reduced. 
design a desul fur iz ing  combustor i n  which t h e  a s h  does not  r e a c t  with t h e  
desu l fur iz ing  mater ia l .  

I V .  EVALUATION OF A PILOT COMBUSTOR 

Calculat ions:  
emissions from a s taged ,  s l a g g i n g ,  cyclone combustor opera t ing  c l o s e  t o  e q u i l i -  
brium. 
brium f o r  s u l f u r  (Equation 2) and a mass balance f o r  s u l f u r  a r e  solved simul- 
taneously. F i r s t ,  the  equi l ibr ium gas compositions were ca lcu la ted  f o r  the 
combustion of c o a l  wi th  a i r  f o r  a raage of  s u l f u r  concent ra t ions  in the  coal .  
was done using Alcoa's Chemical Equilibrium Computer Program (23). Next, the  
concentrat ions of s u l f u r  i n  t h e  s l a g s  f o r  equi l ibr ium wi th  t h e  combustion gases  
were ca lcu la ted .  
compositions were c a l c u l a t e d  from s u l f u r  mass balances. 

Resul ts :  Figure 6 shows an example of t h e  r e s u l t s  f o r  these  ca lcu la t ions ,  f o r  
combustion wi th  55% of  s t o i c h i o m e t r i c  a i r  ( s tage  1 )  a t  llOO°C. 
f o r  t h e  su l fur  capture ,  cons ider ing  pro jec t ions  of f u t u r e  EPA regula t ions ,  i s  70%. 
The s l a g  mass can vary between 8 5  and 350 g/kg c o a l  ( t h e  upper l i m i t  w a s  

This  

However, a t  1000°C, a l l  s l a g s  from t h e  FeC-Al203-Si02 system were 

Another po in t  which supports  

Hence, it is d e s i r a b l e  t o  

The measured s u l f i d e  c a p a c i t i e s  were used t o  estimate s u l f u r  

TO c a l c u l a t e  s u l f u r  emissions, a n  equat ion f o r  gas-slag chemical e q u i l i -  

This 

Fina l ly ,  t h e  q u a n t i t y  of  a d d i t i v e s  needed t o  obta in  these  

A reasonable goa l  
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es tab l i shed  from a h e a t  balance f o r  Alcoa's p i l o t  combustor), so the  necessary log 
Cs f o r  a 70% s u l f u r  removal is between -2.75 and -3.3. 
Cs 
system, e.g., compositions 2-A-3 o r  2-A-10. 

As  t h e  combustion s toichiometry is decreased, t h e  curves  in Figures 6 a r e  r o t a t e d  
counterclockwise about the  or ig in ,  i . e . ,  t h e  s u l f u r  removal i s  increased.  An 
increase  in temperature w i l l  have t h e  opposi te  e f f e c t .  
clockwise about the  or ig in .  However, f o r  a p a r t i c u l a r  s l a g  composition the  s u l f i d e  
capac i ty  increases  wi th  temperature, as shown in Figure 5. The n e t  r e s u l t  of t h e  
two opposing e f f e c t s  (using t h e  temperature behavior shown in Figure 5) is t h a t  t h e  
s u l f u r  removal decreases  wi th  increas ing  temperature. 
conten ts  inves t iga ted ,  2-6%, t h e  f r a c t i o n  of s u l f u r  removed by s l a g  does not  change 
w i t h  s u l f u r  content  i n  the  coal .  The t o t a l  s u l f u r  emit ted increases  wi th  
increasing s u l f u r  concentrat ion in t h e  coa l ,  bu t  t h e  s u l f u r  removal by the  s l a g  
a l s o  increases .  

A f i n a l  point  t o  note  regarding s u l f u r  removal i s  t h a t  as the  concent ra t ion  of 
hydrogen in the  combustion gases  is decreased, t h e  s u l f u r  removal by t h e  s l a g  w i l l  
increase.  This is due t o  t h e  high s t a b i l i t y  of  the hydrogen-sulfur spec ies ,  such , 

as H2S(g), a s  compared t o  t h e  carbon-sulfur spec ies ,  such a s  COS. 
and charr ing of c o a l  would s i g n i f i c a n t l y  increase  t h e  t h e o r e t i c a l  removal of s u l f u r  
by t h e  s lag .  

These c a l c u l a t i o n s  assume gas-slag equi l ibr ium wi th  respec t  t o  s u l f u r .  
probably only approached a t  t h e  gas-slag s u r f a c e  n e a r  t h e  e x i t  of t h e  f i r s t  s tage .  
A t  the  entrance end of the  combustor, the  condi t ions  would probably be more 
oxidizing than condi t ions  ca lcu la ted  from t h e  o v e r a l l  combustion s toichiometry,  0 ,  
and thus  s u l f u r  s o l u b i l i t y  in t h e  s l a g  would be l e s s  than  t h a t  ca lcu la ted .  A t  some 
depth below the  s l a g  sur face  near  t h i s  en t rance  end of t h e  f i r s t  s tage ,  t h e  
condi t ions  would be more reducing than those  c a l c u l a t e d  from t h e  o v e r a l l  combustion 
s toichiometry.  This would r e s u l t  in increased s u l f u r  s o l u b i l i t y .  The a c t u a l  
combustion process  and s u l f u r  removal processes  a r e  q u i t e  complex, and t h e  e x t e n t  
of s u l f u r  removal w i l l  depend on t h e  combustion k i n e t i c s .  
two extreme s i t u a t i o n s .  
s lagged w a l l ,  s u l f u r  removal should be r e l a t i v e l y  good. 
where a l l  t h e  c o a l  i s  combusted before i t  reaches t h e  s lagged w a l l ,  s u l f u r  removal 
would be r e l a t i v e l y  poor because i t  would be dependent on mass t r a n s p o r t  through 
the  gas  phase, and t h e  gas  has  a r e l a t i v e l y  shor t  res idence  time. 

In summary, the k i n e t i c s  of  . the combustion process  is important  wi th  regard t o  
s u l f u r  removal. The k i n e t i c s  must be considered e i t h e r  by modelling o r  experi- 
mentation before  a f i n a l  judgment on d e s u l f u r i z a t i o n  i n  a s lagging.  cyclone 
combustor can  be made. The r e s u l t s  of t h i s  s tudy show t h a t  i t  i s  t h e o r e t i c a l l y  
possible .  

A s u l f i d e  capac i ty  of l o g  
-3.3 a t  llOO°C was obtained f o r  c e r t a i n  s l a g s  based on the  FeO-Al203-Si02 

The curves a r e  r o t a t e d  

In t h e  range of coa l -su l fur  

Thus, drying 

This  is 

For example, consider  
In one, where most c o a l  is combusted a f t e r  i t  hits t h e  

In t h e  o t h e r  extreme, 

v. coNcLusIoNs 

Sul f ide  capac i ty  measurements of r e l a t i v e l y  low melt ing (approximately llOO°C i n  
most cases)  s l a g s  based on t h e  FeO-Al203-Si02, FeO-Na20-Si02, FeO-CaO-Si02, 
Na2O-Al203-Si02, and CaC-Al203-Si02 systems but.composed of  c o a l  a s h  + addi t ives ,  
have shown t h a t  the  FeO-Al203-Si02-based s l a g s  had t h e  h ighes t  s u l f i d e  capac i t ies .  
For a given b a s i c i t y ,  the  s u l f i d e  c a p a c i t i e s  could be ranked in the  fol lowing order: 
FeO-Al203-Si02 > FeO-CaO-Si02 > FeO-Na20-Si02 > CaO-Al203-Si02 , Na20-Al203-SiO2. 
The chemical i n t e r a c t i o n  of  the  bas ic  oxides  w i t h  si l ica appears  t o  be a dominant 
f a c t o r  cont ro l l ing  t h e  s u l f i d e  capaci ty .  
capac i ty  and s l a g  b a s i c i t y ,  and s u l f i d e  c a p a c i t i e s  increased  w i t h  temperature. 

There was good c o r r e l a t i o n  between s u l f i d e  



Calculat ions of  the  equi l ibr ium s u l f u r  removal f o r  a commercial combustor using t h e  
measured s u l f i d e  c a p a c i t i e s ,  showed t h a t  it was t h e o r e t i c a l l y  poss ib le  t o  remove 
704; or more o f  t h e  s u l f u r  i n  coal .  The s u l f u r  removal increases  with decreasing 
temperature, decreasing combustion s toichiometry i n  t h e  f i r s t  s t a g e  of t h e  burner, 
increasing s l a g  flow, and decreasing content  of hydrogen i n  t h e  fue l .  This work 
showed tha t  a s lagging,  cyclone combustor can  remove s u l f u r  i n t o  t h e  s l a g ,  but  
k i n e t i c  modelling and/or experimentat ion is needed t o  prove whether o r  no t  t h e  
concept w i l l  work. 
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TABLE I. ASH FROM MVERIDGE SEAM (WEST VIRGINIA) COAL 

Ash Analysis  
Normalized (excluding s u l f u r  and 

Component u t  Pet. t ak ing  i r o n  as  FeO) 

*2O3 
s i02  
Fe203 
C a O  
MgO 
Na20 
K20 
Ti02 
so3 
p2°5 

Slag No. 

2-A-1 
2-A-2 
2-A-3 
2-A-7 
2-A-8 
2-A-9 
2-A-10 

2-B-1 
2-B-2 
2-B-3 
DSE-1 
DSE-2 

2-c-1 

2-D-1 
2 4 - 2  
2-D-3 

2-E-1 

2-1-1 

18.4 
44.5 
15.9 

4.56 
1.08 
1.10 
1.11 
1.20 
9.02 
0.33 

24.1 

17.4 (FeO) 
47.8 

4.9 
1.2 
1.5 
1.3 
1.1 

0.5 
-- 

TABLE 11. NORMALIZED COMPOSITIONS OF CANDIDATE SLAGS - 
MAJOR COMPONENTS ONLY 

Composition, W t .  P c t .  

CaO Si02 A1203 FeO Na20 - -  - -  

46.0 19.9 
40.0 12.0 
18.1 5.9 
43.3 19.8 
35.3 14.1 
27.0 8.3 
23.6 5.9 

39.3 
56.4 
33.2 
42.5 
37.0 

37.7 

43.8 18.2 
62.7 23.2 
61.6 12.2 

42.1 20.1 

55.3 21.5 

- 
34.1 
48.0 
76.0 
36.9 
50.6 
64.4 
70.4 

48.0 
21.8 
26.2 
28.9 
26.0 

46.4 

10.0 

12.7 
21.8 
40.6 
28.6 
37.0 

15.7 

37.9 
14.0 
26.2 

37.8 

13.1 

Liquidus Temperature ("C) 
(Major Components Only) 

1205 
1083 
1148 
1220 
1200 
1150 
1155 

1000 
7 

1050 
900 

1093 

915 
1063 

7 32 

1265 

990 
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I 

Slag No.  

2-A-1 
2-A-2 
2-A-3 
2-A-4 
2-A-5 
2-A-6 
2-A-7 
2-A4 
2-A-9 
2-A-10 
2-A-lob 
2-A-11 
2-A-12 

2-B-1 
2-B-2 
2-B-3 

DSE-1 
DSE-2 

2-c-1 

2-D-1 
2 4 - 2  
2-D-3 

2-E-1 

2-14 

TABLE 111. ADDITIVE COMPOSITIONS FOR CANDIDATE SLAGS 

Addit ive Corn os f t ion ,  W t .  Pct .  
Additive Mass Si02 A1203 Fe203 !a,CO, 

d g  Ash - - - L 3  CaO Other - 
0.34 
1.20 
3.52 
3.74 
3.52 
3.52 
0.36 
0.89 
2.19 
3.47 
4.07 
3.49 
4.99 

0.69 
0.30 
1.20 

0.69 
0.97 

0.61 

0.93 
0.40 
1.60 

0.43 

0.99 

22.9 77.1 
27.0 73.0 

7.4 92.6 
7.0 87.2 
1.6 92.6 
1.6 92.6 

13.9 86.1 
13.9 86.1 
13.9 86 .1  
13.9 86.1 
11.8 73.5 

7.5 86.7 
13.9 86.1 

65.7 
3.9 

18.9 

24.2 
18.5 

75.5 

10.9 
43.8 
46.3 

6.3 

49.1 13.5 

124 

34.2 
96.1 
81.1 

75.8 
81.5 

89.1 
56.2 
53.7 

37.4 

5.8 X CaP2 
5.8 % E203 
5.8 X P2O5 

14.7 % MgO 
2.5 3.4 % CaF2 

24.5 

93.7 



SULFIDE CAPACITY MEASUREMENl5 

i 

I 

0 

TABLE I V .  

Egp't. Run 
No. T ("C) Time (h) --- 

2' 1100 24 

4* * 1100 115 

5* * 1100 144.6 

7*** 1000 168.75 

11**** 1300 70.0 

Slag 
Composition 

DSE-1 

2-B-1 
2-B-2 
2-D-1 
2-D-2 
2-D-3 

DSE-1 
2-A-1 
2-A-2 
2-A-3 
2-A-4 
2-c-1 

2-A-5 
2-A-6 
2-A-7 
2-A-8 
2-A-9 
2-A-10 
2-A-11 
2-B-3 

2-A-3 
2-A-4 
2-A-5 
2-A-6 
2-A-10 
2-A-11 
2-A-12 
2-A-3a 
2-1-1 

2-A-3 
2-A-10 
2-A-lob 

W t  % s 

4.22 
5.34 

6.05 
0.26 
0.96 
0.87 
0.69 

4.31 
4.80 

22.5 
23.5 

7.91 

20.2 
13.4 

5.06 
9.81 

16.6 
19.1 

2.65 

25.4 
25.1 
25.5 
24.1 
23.6 
24.2 
25.8 
26.3 

0.44 

2.67 
1.97 
3.10 

Log cs 

-4.31 
-4.21 

-4.16 
-5.52 
-4.96 
-5.00 
-5.10 

-4.06 
-4.01 

-3.34 
-3.32 
-3.79 

-3.38 
-3.56 
-3.99 
-3.70 
-3.47 
-3.41 

-4.27 

-5.04 

-2.86 
-3.00 
-2.80 

* Gas Composition - 70%C0-29.5% cO2-0.5%so2 

xO2 - 7.2 10-14, xS2 = 5.4 10-4 

** Gas Cornposition - 70.2%C0-29.6%C0~-0.25%S0~ 

X o 2  
*** Gas Composition - 74.5%CC-25.3%CO2-0.18%SO2 

6.8 x loei4, XS - 1.6 x l o 4  
2 

Xo2 - 6.8 x xS2 - 1.6 10-4 

**** Gas Composition - 66.3XCO-33.6XC02-0.14XSO2 

- 4.9 x 10-11, xs2 = 1.9 x 10-4 
x02 

1 2 5  

Comments 

Did n o t  m e l t  

Sample c r e p t  o u t  
2 phases 
2 phases 

2 phases 
2 phases 

2 phases 
2 phases 
Sample c r e p t  ou t  

Did n o t  m e l t  .* It .* 
n I. .. 
I " "  

I .. .. 
" I. " 
I. " .* 
I. I. " 
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Furnace 
Radiation Shields 

Stainless Steel 
Flange Alumina lube 

Alumina Reactlon 

Sample Tray 

FIGURE 1. REACTOR USED FOR S U L F I D E  CAPACITY MEASUREMENTS. 

a-A-a 2 - A - 8  

0 charged compomltlon ( - a m )  ( -3 .70)  

an8lyted aftor mxpmrlmmnt 

FIGURE 2. THE FEO-AL203-S I02  SYSTEM ( 2 - A )  W I T H  
MEASURED SULFIDE C A P A C I T I E S  INDICATED.  
PHASE DIAGRAMS TAKEN FROM REFERENCE (1). 
OXIDE PHASES I N  E Q U I L I B R I U M  WITH METALL IC  IRON. 
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